Effect of peripheral circadian dysfunction on metabolic disease in response to a diabetogenic diet. Am J Physiol Endocrinol Metab 310: E900 -E911, 2016. First published April 5, 2016; doi:10.1152/ajpendo.00328.2015.-BMAL1 is a core component of the transcription/translation machinery that regulates central and peripheral circadian rhythms that coordinate behavior and metabolism, respectively. Our objective was to determine the impact of BMAL1 in adipose alone or in combination with liver on metabolic phenotypes. Control, adipose-Bmal1 knockout (ABKO), and liver-and adiposeBmal1 knockout (LABKO) female mice were placed in TSE System metabolic chambers for metabolic phenotyping. A second cohort of male mice was fed a control or diabetogenic diet, and body weight and composition, glucose tolerance, insulin sensitivity, and serum and hepatic lipids were measured. Both female ABKO and LABKO mice exhibited increased food consumption compared with control mice. ABKO mice also exhibited increased overall activity predominantly during the light phase compared with both control and LABKO mice and were protected from increased weight gain. When the male cohort was challenged with a diabetogenic diet, LABKO mice had increased body weight due to increased fat mass compared with control and ABKO mice. However, these mice did not present further impairments in glycemic control, adipose inflammation, or liver injury. LABKO mice had increased hepatic cholesterol and elevated expression of cholesterol synthesis and uptake genes. Our data indicate that deletion of this allele in adipose or in combination with liver alters feeding behavior and locomotor activity. However, obesity is exacerbated only with the combination of liver and adipose deletion. brain and muscle arnt-like protein-1; circadian; obesity; insulin resistance; cholesterol COORDINATED SIGNALING BETWEEN TISSUES in the periphery and the central nervous system is required to properly regulate metabolic processes and thus maintain energy homeostasis (26). The central clock, housed in the suprachiasmatic nucleus, is entrained by the light-dark cycle, is responsible for controlling rhythmic behavior, and facilitates the synchronization of peripheral clocks (23). Epidemiological studies suggest a strong association between altered circadian behavior and the development of metabolic diseases (12, 28, 29) . Global clock disruptions in mice have resulted in a variety of behavioral and metabolic disturbances (22, 27, 31, 35, 37) . Furthermore, high-fat diet has been shown to disrupt circadian gene expression in mice (13, 21). Restricting high-fat feeding to certain times of the day was protective against obesity-related phenotypes, suggesting that timing of caloric intake impacts metabolism more so than caloric density or macronutrient composition of the diet (10). Indeed, a number of nuclear receptor subfamilies in metabolic tissues, including white adipose tissue, brown adipose tissue, liver, and skeletal muscle, fluctuate rhythmically at the mRNA level (36). Similarly, factors involved in energy regulation such as glucose, insulin, and leptin oscillate in rhythmic patterns (14, 22, 34) .
times of the day was protective against obesity-related phenotypes, suggesting that timing of caloric intake impacts metabolism more so than caloric density or macronutrient composition of the diet (10) . Indeed, a number of nuclear receptor subfamilies in metabolic tissues, including white adipose tissue, brown adipose tissue, liver, and skeletal muscle, fluctuate rhythmically at the mRNA level (36) . Similarly, factors involved in energy regulation such as glucose, insulin, and leptin oscillate in rhythmic patterns (14, 22, 34) .
Coordinated functions of adipose tissue and the liver are essential for the regulation of glucose and lipid metabolism. During the fed state, fatty acids are stored in adipose tissue and glucose in liver as glycogen. In response to fasting, the release of these stores in addition to gluconeogenesis prevents hypoglycemia. Transcriptome profiling studies have identified ϳ10% of transcripts in the liver to exhibit circadian expression (1, 19) . Deletion of an essential clock gene, Bmal1 (brain and muscle arnt-like protein-1), from the liver has been demonstrated to mute the rhythmic expression of genes involved in glucose transport and gluconeogenesis resulting in hypoglycemia in the fasted state but has no major effects on obesity (15) . However, deletion of Bmal1 from adipose tissue has been shown to alter feeding behavior, resulting in obesity in mice (20) . Given the interplay of adipose tissue and the liver, we hypothesized that the disruption of circadian clocks in both tissues would potentiate the development of metabolic disease.
METHODS

Animals. Mice with loxP sites flanking exon 8 (Bmal1
f/f ) were generously donated by Dr. Karyn Esser of the University of Kentucky, and transgenic mice hemizygous for a Cre recombinase transgene driven by the adipocyte fatty acid-binding protein promoter (aP2-Cre ϩ/0 ) were purchased from The Jackson Laboratory (Bar Harbor, ME). Female Bmal1 f/f were bred to male Bmal1 f/f -aP2-Cre ϩ/0 mice using trio breeding to obtain adipose-Bmal1 deletion. Recombinant adenoviral vectors containing either no insert (Ad-Empty) or cDNA for Cre recombinase (Ad-Cre) were amplified in HEK293Q cells, purified on cesium chloride gradients, and dialyzed against PBS. Mice were injected with 4 ϫ 10 12 particles/kg via tail vein injection.
Bmal1
f/f mice without the aP2-Cre allele were injected with AdEmpty virus (control). Bmal1 f/f mice with the aP2-Cre allele were injected with either Ad-empty virus or Ad-Cre virus to generate adipose-Bmal1 knockout (ABKO) and liver-and adipose-Bmal1 knockout (LABKO) mice, respectively.
Mice were maintained on a C57BL/6J background and housed two to four mice per cage in individually ventilated cages in a temperature-controlled room with access to standard rodent chow (Teklad 2918). For breeding, mice were maintained on a 14:10-h light-dark cycle. Following adenoviral injection at 7 wk of age, mice were transferred to a 12:12-h light-dark cycle for the duration of the study.
All animal procedures were conducted in conformity with Public Health Service policies for the humane care and use of laboratory animals and were approved by the University of Kentucky Institutional Animal Care and Use Committee.
Indirect calorimetry. Measurements for indirect calorimetry were performed on the TSE System (Chesterfield, MO). This system includes 24 chambers plus a reference chamber. O2 (%), CO2 (%), food intake, and locomotor activity were measured directly from each chamber in sequence in 30-min intervals. Reference measurements from room air were also taken in 30-min intervals. The length of each measurement and reference measurement was determined by the measurement interval divided by the number of active chambers. Flow rate to the chambers was 0.45 l/min. Respiratory exchange ratio and energy expenditure were calculated by the system using measured values [%CO2, %O2, and flow (l/min)]. Resting energy expenditure was defined as energy expenditure during the resting period (1000 to 1800), with a total activity count of Ͻ150 beam breaks/30 min. Locomotor activity was defined as the number of times a mouse broke two adjacent beams in succession or the same beam twice. Mice were acclimated to chambers for 7 days then transferred to clean chambers immediately prior to the start of measurements. Data from the first and last days of measurements were not included in the analyses. Data across 3 days were averaged for each mouse.
Diet and physiological measurements. For 24-h blood glucose measurements, mice 13-24 wk old on standard rodent chow in 12:12-h light-dark conditions were provided food only during the dark cycle for a 24-h period. Blood glucose from tail vein pricks was measured every 4 h for 24 h beginning at circadian time 0, defined as the beginning of lights-on.
For the diet intervention study, male mice 8 wk of age were fed either a control diet (CD) comprised of 63% carbohydrate, 16% fat, and 21% protein (Bio-Serv F4031) or a diabetogenic diet (DD) comprised of 26% carbohydrate, 59% fat, and 15% protein (Bio-Serve F3282). Body weight was measured weekly, and body composition was determined by EchoMRI-100 (Echo Medical Systems) during weeks 8, 12, 16, 20 , and 24. Adiposity was calculated by dividing fat mass by total body mass.
During weeks 12, 16, 20 , and 24, fasting glucose was measured following a 4-h fast beginning at lights-on. Glucose tolerance and insulin sensitivity tests were conducted during weeks 16 and 24. For the glucose tolerance test, 10 l/g body wt of a 20% glucose solution was injected intraperitoneally following a 4-h fast beginning at lightson. For the insulin sensitivity test, 10 l/g body wt of insulin (0.2 IU/ml) was injected intraperitoneally following a 1-h fast beginning at lights-on. Blood glucose levels were measured before and 30, 60, 90, and 120 min after the injection from blood obtained from a tail vein prick. All blood glucose measurements were conducted using a standard glucometer.
At the termination of the study, mice were administered ketaminexylazine solution for sedation and euthanized by exsanguination. For the 24-h gene expression, mice were euthanized every 4 h for 24 h beginning at circadian time 0. For the diet intervention study, mice were euthanized at circadian time 0. Blood was stored at 4°C for 4 h and centrifuged at high speed for 10 min, and then serum was collected and stored at Ϫ80°C. Tissues were dissected and immediately frozen in liquid nitrogen. For histological analysis, pieces of liver and adipose tissue were fixed in 10% formalin for 24 h at room temperature and then transferred to 70% ethyl-alcohol for long-term storage at 4°C.
Histology. Liver and epididymal fat sections were embedded in paraffin and cut into 5-m-thick sections. Sections stained with hematoxylin and eosin (H & E) and picrosirius red were imaged at ϫ10 magnification. Adipocyte size and number were quantified using the NIS Elements software (Nikon Instruments, Tokyo, Japan). The image threshold and object count features were used to quantify three 700 ϫ 700 m areas to represent each section (2 sections/mouse).
Hepatic lipid extraction and lipid measurements. Hepatic lipids were extracted from 100 g of tissue using the Folch method. Extracts were solubilized in 1% Triton in water, as previously described (30) . Total cholesterol, triglycerides, and nonesterified fatty acids were measured using enzymatic, colorimetric assays (Wako Chemicals). 
Bmal1, brain and muscle arnt-like protein-1; Dbp, D site albumin promoterbinding protein; Pparg, peroxisome proliferator-activated receptor-␥; C/ebpa and C/ebpb, CCAAT enhancer-binding protein a and b, respectively; Zfp423, zinc finger protein 423; Hsl, hormone-sensitive lipase; Mcp-1, monocyte chemoattractant protein-1; Hmgcr, 3-hydroxy-3-methylglutaryl coenzyme A reductase; Hmgcs, 3-hydroxy-3-methylglutaryl-CoA synthase; Abcg5 and -8, ATP-binding cassette transporter G5 and G8, respectively; Ldlr, LDL receptor; Srb1, scavenger receptor class B, member 1; Cyp7a1, cytochrome P -450, family 7, subfamily A, and polypeptide 1; Cyp8b1, sterol 12␣-hydroxylase.
Real-time PCR. RNA was isolated from frozen tissues using RNA STAT-60 (Tel-Test) and the RNeasy Mini Kit (Qiagen). cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative real-time PCR was conducted using SYBR Green and the 7900HT Fast Real-Time PCR System (Applied Biosystems). For markers of lipolysis, TaqMan (Applied Biosystems) assays were used. Threshold cycle (C T) values of measured transcripts were normalized to that of Gapdh and expressed relative to control mice on the CD using the ⌬⌬CT method. Primer sequences used for real-time PCR are listed in Table 1 .
Immunoblot analysis. SDS-PAGE and immunodetection of proteins was conducted as reported previously (24) . To enrich for nuclear proteins, frozen tissues were homogenized in buffer containing 20 mM Tris hydrochloride, 2 mM magnesium chloride, 0.25 M sucrose, and protease inhibitors. The homogenate was centrifuged at 2,000 g for 10 min, and the remaining pellet was solubilized in protein sample buffer. An insulin syringe was used to shear DNA. For measuring total and phosphorylated Akt (p-Akt), the supernatant of the homogenate was collected. Protein concentrations were measured by BCA assay. The following primary antibodies were used: BMAL1 at 1:2,000 dilution (A302-616A; Bethyl Laboratories), total Akt at 1:5,000 dilution (4685; Cell Signaling Technology), p-Akt at 1:5,000 dilution (9271; Cell Signaling Technology), histone H3 at 1:2,000 dilution (4499; Cell Signaling Technology), and GAPDH at 1:200 dilution (MAB374; Chemicon Internation). The secondary antibodies used were a goat anti-rabbit IgG horseradish peroxidase conjugated antibody (Pierce Biotechnology 31460) and a horse anti-mouse IgG horseradish peroxidase conjugated antibody (7076; Cell Signaling Technology) at a 1:1,000 dilution.
Statistical analyses. Comparisons across groups defined by one factor (e.g., genotype) were performed using a t-test or one-way ANOVA and across groups defined by two factors (e.g., genotype and diet) were performed using two-way ANOVA. For gene expression measured over a 24-h period, variances across groups differed. Comparisons across groups defined by one factor (e.g., genotype) while accounting for lean mass were performed using one-way ANCOVA. Comparisons across groups defined by two factors (e.g., genotype and diet) while accounting for 8-wk body weight were performed using two-way ANCOVA. Comparisons across groups in which time was a factor were performed using repeated-measures ANOVA. Statistical analyses were conducted using GraphPad Prism (version 6) and SAS (version 9.3). Data are summarized as means Ϯ SE, and statistical significance is defined by P Ͻ 0.05.
RESULTS
Liver and adipose peripheral clocks mediate centrally regulated functions. We generated adipose-Bmal1 knockout (ABKO) and liver-and adipose-Bmal1 knockout (LABKO) mice to study the role of adipose and liver peripheral clocks in metabolic disease. (Fig. 1) . Peak mRNA and protein expression were blunted in adipose tissue of female ABKO and LABKO mice expressing the aP2-Cre transgene, whereas mRNA and protein expression were blunted in liver of LABKO mice injected with the Ad-Cre virus (Fig. 1, A and B) . Furthermore, the diurnal mRNA expression of Dbp, a BMAL1 target gene, was disrupted in adipose of ABKO and LABKO mice and in liver of LABKO mice (Fig. 1C) . To determine whether peripheral Bmal1 regulates behavioral changes related to metabolism, measurements of food intake, locomotor activ- ity, and energy expenditure were taken in female mice maintained on a standard rodent chow diet (Fig. 2) . Both ABKO and LABKO mice had increased total food intake. The increase was observed in both the light and dark phases, although the increase did not reach statistical significance in the dark phase in ABKO mice (Fig. 2, A and B) . Total locomotor activity was increased in ABKO mice compared with control mice. This was due to increased activity predominantly in the light phase and tended to be increased in the dark phase (Fig. 2, C and D) .
Further deletion of Bmal1 in the liver reversed this effect (Fig.  2D ). Other differences in activity patterns were also observed. Compared with control and LABKO mice, ABKO mice had a greater and more prolonged peak in activity following the onset of the dark phase. ABKO mice also exhibited bursts of activity midway through the light and dark phases (Fig. 2C ).
Resting energy expenditure was analyzed using lean mass as a covariate. After controlling for lean mass, there were no significant differences among genotypes on resting energy expenditure (Fig. 2E) . The respiratory exchange ratio was slightly higher in ABKO mice, indicating a greater utilization of glucose for energy (Fig. 2F) . Body weight, lean mass, fat mass, and adiposity were all increased in LABKO mice compared with control and ABKO mice (Fig. 3, A-D) .
Plasma glucose oscillates following a diurnal pattern (14, 20, 22) . ABKO mice had higher blood glucose concentrations throughout the light phase, which was maintained upon feeding during the dark phase. The increase in glucose was reversed in LABKO mice, resulting in a similar blood glucose pattern between control and LABKO mice (Fig. 3E) .
Disruptions in liver and adipose peripheral clocks lead to increased body weight and adiposity. To assess the development of obesity and obesity-related phenotypes, a second cohort of male mice was fed a low-fat control diet (CD) or high-fat diabetogenic diet (DD) for 16 wk. The DD itself decreased Bmal1 mRNA expression in epididymal adipose tissue but not in the liver (Fig. 4, A and C) . However, this decrease was not reflected in BMAL1 protein levels observed at hour 0 (Fig. 4B) . As in the cohort of female mice, male LABKO mice were slightly heavier prior to the initiation of diet at 8 wk of age (Fig. 5A) . At 24 wk, the overall analysis of variance indicated a main effect of diet and a main effect of genotype on body weight, weight gain, and adiposity (Fig. 5, B-D) . Body weight at 24 wk was significantly increased in LABKO mice fed either diet (Fig. 5B) . The increase in weight gain over a 16-wk period appeared to be greater in control diet-fed LABKO mice, but the difference did not reach statistical significance, whereas diabetogenic diet-fed LABKO mice had significantly increased weight gain (Fig. 5C) . A two-way ANCOVA was performed for 24-wk body weight, using 8-wk body weight as the covariate and genotype and diet as the two factors to determine whether the increased body weight at 24 wk in LABKO mice was predicted by elevated body weight at 8 wk. The 8-wk body weight covariate was significantly associated with 24-wk body weight (P ϭ 0.002), as was genotype (P ϭ 0.003) and diet (P Ͻ 0.001), but there was no genotype by diet interaction (P ϭ 0.149). Adiposity followed a similar pattern as 24-wk body weight for both diet groups (Fig. 5D ) Within diet, as there were no differences in lean mass between genotypes (data not shown), the increase in body weight and weight gain was due to increased adiposity. The diabetogenic diet resulted in overall increased adipocyte size and the appearance of crown-like structures (Fig. 6) . Among groups fed the control diet, adipocyte area was similar between genotypes, with a tendency for increased size in LABKO mice (Fig. 6, A and B) . This resulted in a greater number of larger adipocytes, reflected by the rightward shift in the histogram (Fig. 6C) . However, this genetic difference was lost in mice fed the diabetogenic diet despite both ABKO and LABKO mice having increased fat mass compared with controls (Figs. 5D and 6 ).
Adipose inflammation appeared to increase the presence of crown-like structures in the DD-fed mice but was not affected by genotype (Fig. 6A) . Similarly, the DD increased the expres- To determine whether the increase in adiposity could be explained by increased adipogenesis or decreased lipolysis, markers of these processes were measured in control diet-fed mice. There was a significant increase in C/ebp␤ expression in LABKO mice, but other measured genes of adipogenesis (Ppar␥, C/ebp␣, Zfp423) and lipolysis (Hsl, Pnpla2, Abhd5) were unchanged by genotype (Fig. 6D) .
Loss of glycemic control does not correspond with increased body weight and adiposity. To determine whether peripheral clocks play a role in the loss of glycemic control associated with obesity, fasting glucose, glucose tolerance, and insulin sensitivity were measured in male mice challenged with a DD. There was a main effect of diet on fasting glucose but no effect of genotype in either diet (Fig. 7A) . Similarly, there was a main effect of diet on blood glucose concentrations following an intraperitoneal injection of glucose but no differences between genotypes (Fig. 7, B and C) . Both ABKO and LABKO mice fed a DD had greater reductions in blood glucose following an intraperitoneal injection of insulin than control mice (Fig. 7, D and E). To determine whether adipose tissue of ABKO and LABKO mice respond better to insulin, total and p-Akt were measured. Although p-Akt was increased in white adipose tissue (WAT) of ABKO and LABKO mice, total Akt expression was increased as well. Therefore, there were no significant differences in p-Akt (Fig. 7F) .
Disruptions in liver and adipose peripheral clocks increase hepatic cholesterol in LABKO mice. There was a main effect of diet on serum total cholesterol but no significant differences between genotypes in either diet group. Serum triglycerides and nonesterified fatty acids were not affected by diet or genotype (data not shown). However, it should be noted that mice were not fasted for these measures. As expected, there was a main effect of diet on liver weights. However, there were no differences in liver weights or percent liver weight between genotypes in either diet group (data not shown). Despite any lack of differences, ABKO mice appeared to have decreased lipid deposition in the liver compared with control and LABKO mice within the DD groups (Fig. 8A ). There was a main effect of diet on hepatic total cholesterol and triglycerides (Fig. 8, B and C) . Within mice given a DD, LABKO mice had the highest level of hepatic total cholesterol (Fig. 8B) . A similar pattern was observed for triglycerides, but these differences did not reach statistical significance (Fig. 8C) . In an effort to explain the increase in hepatic cholesterol in LABKO mice fed a DD, genes involved in cholesterol synthesis and regulation were measured in liver. Hmgcr and Hmgcs, which are involved in cholesterol synthesis, exhibited similar patterns of expression, with LABKO mice on CD and both ABKO and LABKO mice on DD having increased expression (Fig. 8D) . Sterol transporters Abcg5 and Abcg8 were both suppressed by diet, but no significant differences between genotypes were observed (Fig. 8D) . Although genes involved in cholesterol uptake, Ldlr and Srb1, had the highest expression in LABKO mice on a CD, there were no differences in Ldlr or Srb1 expression between genotypes in mice on a DD (data not shown). Bile acid synthesis genes Cyp7a1 and Cyp8b1 were unchanged by diet or genotype (data not shown).
DISCUSSION
Our study confirms and extends previous findings indicating that peripheral oscillators, particularly in adipose, modulate feeding and locomotor activity. Although the loss of Bmal1 in adipose and the liver exacerbates the development of obesity, it does not have further effects on other metabolic comorbidities.
The central clock synchronizes the oscillations of peripheral clocks; however, peripheral clocks can be uncoupled from the central clock through manipulations in the feeding/fasting cycle (6, 9, 33) . This can have impacts on feeding behavior and metabolic disease such that increased food intake during the inactive phase results in obesity (2, 8, 25) . Alternatively, time-restricting food intake to the active phase or the beginning rather than the end of the active phase is protective (2, 3, 10, 25) . Our study sought to determine the impact of directly disrupting adipose and liver oscillators on centrally regulated functions related to metabolism such as feeding behavior and locomotor activity. A previous study has shown that adipose deletion of Bmal1 results in changes in plasma polyunsaturated fatty acid concentrations, which leads to alterations in the hypothalamic regulation of feeding behavior (20) . We corroborated the finding that ABKO mice exhibit an impaired feeding Effects of diet are indicated by brackets terminating in horizontal lines. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001; ****P Ͻ 0.0001.
pattern and have increased food intake during the light phase. In both studies, the aP2-Cre transgene was used for adipose deletion. Although AP2 is abundantly expressed in adipose and is commonly used to drive the expression of Cre recombinase for adipose-specific deletion, a limitation of this line is that AP2 has also been found to be expressed in other tissues such as macrophages, embryonic tissues, and brain (16, 32) . In our present study, we observed residual Bmal1 mRNA and protein expression in both adipose and liver. Although this may be due to incomplete penetrance of Cre recombinase in the targeted tissues, the presence of other cell types expressing Bmal1 in these tissues is also a possibility. Further deletion of Bmal1 from the liver in LABKO mice maintained the increase in food intake during the light phase, with additional increases during the dark phase. Although Paschos et al. (20) did not observe changes in locomotor activity with adipose-Bmal1 deletion, we found ABKO mice tended to be more active, particularly during the light phase. This difference in observation is likely due to differences in environmental conditions or the diet used in our studies. Nonetheless, the increase in activity together with the delay in peak activity at the onset of the dark phase and the spurts of activity in ABKO mice indicate that adipose Bmal1 plays a role in modulating physical activity and movement. Interestingly, the increased pattern of activity was reversed in LABKO mice; however, liver-specific deletion of Bmal1 is insufficient to alter locomotor activity and feeding behavior (15) . These findings demonstrate that disrupting the liver clock in the setting of adipose clock disruption also has an impact on physical activity, suggesting that the coordination of functional adipose and liver clocks is necessary to properly mediate centrally regulated functions. Furthermore, the differences in food intake and activity between genotypes suggest tissue-specific roles of Bmal1. Despite ABKO mice eating more during the light phase and subsequently having increased overall food intake similar to that of LABKO mice, body weight and adiposity were not significantly increased. This is likely due to the increased activity that we observed in ABKO but not in LABKO mice on a chow diet. Although we cannot rule out a direct role of peripheral Bmal1 in regulating energy metabolism, our findings suggest that changes in feeding behavior and activity in ABKO and LABKO mice are the primary regulators of body weight and composition.
Blood glucose concentrations exhibit diurnal variations, and several models of dysfunctional circadian rhythm exhibit impaired glycemic control (14, 22, 31) . When the availability of a chow diet was restricted to 12 h during the dark phase, ABKO mice tended to have slightly elevated blood glucose concentrations over 24 h, but the diurnal pattern was similar to the other genotypes. In the setting of restricted food availability to normal feeding times, disrupting adipose and liver Bmal1 was insufficient to impair the diurnal pattern of blood glucose.
Obesity is highly associated with the development of insulin resistance, type 2 diabetes, and fatty liver disease. Therefore, in the presence of a diabetogenic diet, we expected the disruption of Bmal1 in two metabolic tissues to exacerbate these condi- tions. Although LABKO mice were more obese than control mice, there was no further loss of glycemic control or evidence of increased hepatic inflammation and fibrosis in either ABKO or LABKO mice. There was a trend toward increased insulin sensitivity in adipose tissue of ABKO and LABKO mice fed a diabetogenic diet. Overall, the disruption of peripheral clocks from two of the primary tissues involved in maintaining energy homeostasis was insufficient to exacerbate metabolic disease beyond the development of obesity. One explanation for this observation is that a high-fat diet itself has effects on circadian rhythms. A high-fat diet has been shown to lengthen the circadian period in mice prior to any body weight effect. Effects of diet are indicated by brackets terminating in horizontal lines. *P Ͻ 0.05; **P Ͻ 0.01; ****P Ͻ 0.0001.
Furthermore, diurnal feeding behavior and clock gene expression are attenuated with short-term high-fat feeding (13) . Consistent with these findings, we found that 16 wk of a diabetogenic diet results in the suppression of peak Bmal1 expression in white adipose tissue. Protein expression, however, was slightly increased with a diabetogenic diet. Because this reflects expression at a single time point, the discordance may reflect a phase shift in BMAL1 expression or posttranscriptional regulation. Interestingly, peak Bmal1 expression was not affected in the liver. Others have demonstrated slight to significant attenuations in liver Bmal1 oscillation, depending on the duration of high-fat feeding (7, 13) . It is likely that although disrupting multiple peripheral clocks indeed alters central behavior, these effects seem to be overcome by the effects of a high-fat diet, thereby muting any exacerbations in metabolic disease. In addition to the probable role of circadian rhythms in the development of obesity and insulin resistance, evidence suggests that lipid homeostasis is dependent on circadian function. The presence of a mutant form of Clock in mice increases plasma triglycerides and cholesterol and exacerbates atherosclerosis (18) . Additionally, the open access bioinformatics database CircaDB has identified a number of rhythmic transcripts involved in cholesterol synthesis and metabolism. Although plasma lipid concentrations were unchanged in our study, hepatic cholesterol and triglycerides were least abundant in ABKO and most abundant in LABKO mice fed a diabetogenic diet. This suggests that liver Bmal1 is involved in the regulation of cholesterol either through direct or indirect mechanisms. Cholesterol synthesis, measured by transcript levels of Hmgcr and Hmgcs, tended to be increased in both ABKO and LABKO mice fed a diabetogenic diet. However, no additional changes in genes involved in cholesterol transport and bile acid synthesis that would explain the varying abundance of hepatic lipids were observed. It should be noted that transcript levels of Hmgcs and Cyp8b1 reach peak amplitude approximately at the beginning of the light cycle, Hmgcr, Ldlr, Cyp7a1, Abcg5, and Abcg8 at the beginning of the dark cycle, and Srb1 at the midlight cycle (11) . Consequently, measuring gene expression throughout a 24-h period would enhance the capability of identifying essential differences.
A limitation of our study is the use of both male and female mice. It has been demonstrated that estradiol during development plays a role in diurnal rhythms, and estrogen receptor-␤ is regulated by the clock machinery (4, 5) . Additionally, sexually dimorphic differences in clock gene expression in the suprachiasmatic nucleus and locomotor activity in response to light-induced phase shifts by leptin have been demonstrated in mice (17) . Although both sexes of mice were used throughout the study, only females were used for indirect calorimetry, whereas only males were used for the diet intervention portion of the study.
Our study and others have demonstrated the selectivity of the clock's influence on metabolism and the potential that exists in targeting circadian factors as a potential therapeutic for metabolic disease. Here, we add knowledge to how disruptions in multiple peripheral clocks may differentially regulate behavior and influence the development of obesity.
